_ AD-A161 132

UNCLASSIFIED

THEORETICRL STUDIES OF LASER-TNDUCED HOLECULSEPRRTE
T OF

PROCESSES: TOPICS IN_ . (U) ROCHESTER UNIV

CHEMISTRY T F GEORGE OCT 85 AFOSR-TR-85-8929

RFOSR-82-8846

F/6 7/4

174

NL




.A.,ﬂv
AN

x
*

28 B2

o

<

[
LA .2
= &z

JLLL = =
= |
lL2s s pre

MICROCOPY RESOLUTION TEST CHART
NATIONAL BUREAU OF STANDARDS-]1963-A




b g v r LE L HL WL WL FUPRT &1 WI'W! ¥l il 17 15 P8 2R 280 "0 &7 %7

T T T P BT O TN T TR W e T

S | . T p v
~ UNCLASSIFIED ' N IV v

SECURITY CLASSIFICATION QF THIS Pa

e AD-A161 132 ws @

Unclassified
28. SECURITY CLASSIFICATION AUTHORITY J. OISTRIBUTION/AVAILABILITY OF REPORT
Approved for public release; distribution
20. DECLASSIFICATION/OOWNGRADING SCHEDULE unlimited

4. PERFORMING ORGANIZATION REPORT NUMBER(S) 5. MONITORING ORGANIZATION REPORT NUMBER(S) ,

AFOSR-TR. <= p

6a. NAME OF PERFORMING ORGANIZATION [b. OFFICE SYymaoL 7a. NAME OF MONITORING ORGANIZATION &’

3 3 or licable)
University of Rochester applics AFOSR/NC

6c. ADDRESS (Ciiy, State and ZIP Cude) 705. ADORESS (City, State and ZIP Code)
Department of Chemistry

: Bldg. 410
River Campus :
Bs. NAME OF FUNDING/SPONSORING 8b. OFFICE SYMBOL |9. PROCUREMENT INSTAUMENT IDENTIFICATION NUMBER
ORGANIZATION (11 applicabie)
AFOSR N¢. Grant AFOSR-82-0046
8¢c. ADDRESS (City, State and ZIP Code) 10. SOURCE OF FUNDING NOS.
Bldg. 410 ELEMENT NO. s e
Bolling AFB, D. C. 20332-6448 61102F B3 631303
1. TITLE THEORETICAL STUDIES OF LASER-I CED MOLECULAR RATE PROCESSES:

TOPICS IN LINE BROADENING AND SPECTROSCOPY

12. PERSONAL AUTHOR(S)
Thomas F. Georgg
‘la TYPE OF REPORT 13b. TIME COVERED 14. DATE OF REPORT (Yr, Mo., Day) 15, PAGE COUNT

Final rrom 11/15/81 10 9/30/85 October 1985 19

16. SUPPLEMENTARY NOTATION

17 COSATI CODES 18. SUBJECT TEAMS (Continue on reverse if necessary end identify by block number)
SN GROUP SUB. GA. . MOLECULAR RATE PROCESSES MOLECULAR DYNAMICS
LASER-INDUCED LINE BROADENING
2\ THEORETICAL STUDIES SPECTROSCOPY

9. AGS‘PGACT Continue on reverse 1f neceesary and identify by Bock number)
\ Theoretical studies of molecular rate processes were carried out, with an emphasis

Jon how such processes can be induced or affected by external laser radiation. The processes
Q. }were classified into two types: I+ Gas-Phase Processes and II+ Surface Processes. Within
Olthe first type a variety of laser-assisted collisional processes were investigated, including
C3)chemical reactions in a laser field, laser-induced resonance scattering with applications to
transition-state spectroscopy and line broadening in general, laser-induced curve switching,
- isotope separation by selective radiative scattering and laser-induced associative ioni-
L-: zation. Several related problems not necessarily involving a laser field were investigated,

such as fine-structure transitions in alkali-noble-gas collisions and nonlocal potentials in
T X-.) bound-continuum problems. In regard to the second type of processes, the following dynamical
processes were considered: electron transfer in positive-ion-surface collisions, where
one-electron transfer leads to ion neutralization and two-electron transfer leads to
negative-ion formation (the latter necessitates the inclusion of the Anderson correlation

20. DISTRIBUTION/AVAILABILITY OF ABSTRACT 21. ABSTRACT SECURITY CLASSIFICATION

. . J“
uncLASSIFIED/UNLIMITED B same as rer. & otic usens O Unclassified ! )
22a. NAME OF AESPONSIBLE INDIVIDUAL 22b. TELEPHONE NUMBER 22c. OFFICESYMBOL ' ||

tinciude Area Code) ;
| Major Larry P. Davis l (202) 767-4963 - NC
_
DO FORM 1473, 83 APR EOITION OF t JAN 73 1S OBSOLETE. UNCLASSIFIED

SECURITY CLASSIFICATION OF THIS PAGE

L
S e

r e
. TS -\ .‘_\- )

RIS e e Y e
kLA et AL A




TG e da ade il - R ey

- UNCLASSITIED

SECURIY; CLASSIFICAYKC- OF THIS PAGE

” '-«

(19. concinuedfilaser-induced electron-phonon processes on metal surfaces; formation of
electron-hole pairs in a semiconductor by vibrationally-excited molecules; vibrational
(both energy and phase) relaxation of a laser-excited adspecies; and laser-induced
migration. Spectroscopic processes included resonance fluorescence of atoms near a metal
surface and Stark quantum beats from beam-foil excited hydrogen atoms. ) Other topics of
investigation were laser~induced surface excitations on a grating and dtatic electric field
effects at the surface of a metallic cluster.

UNCLASSIFIED

SECURITY CLASSIFICATION OF THIS PAGE

;"‘. }.‘Z',r'.'tm[ '&xi o "'



= RFOSR.- '

)
.
M
S

v

- kb o
-, ‘.—'r’\"r"r‘
PN .

-
'y
-1‘_5

Final Report, October 1985

-~

e_e_t

”» -
[}

Air Force Office of Scientific Research
Grant No. AFOSR-82-0046

Title: Theoretical Studies of Laser-Induced Molecular Rate
Processes: Topics in Line Broadening and Spectroscopy

Grantee: The University of Rochester

W4
i 4,9

WA

R
I

Principal Investigator: Thomas F. George
Department of Chemistry
The University of Rochester
Rochester, New York 14627

F L2

PRl R Sy

|
»

%
]

¢
'

« oA - N
R

bl
R A

2
‘e %
L

";.}L o }

s

a

LA S S

pdy by 4y

[ R )

B

Iy
X
vl

1
» 5
.

. .;-.ﬁr.{.ﬂ N

]
l‘-..i

=

Approved for p

"b>Li(‘ rel

. HRdle ea

b distribution Se,
“

unlimiteq

o "-1'-}.‘-}'- e R T A N S
A TR k '\] o e e e e e A e e
ACYIAARCW AL WS '\‘Ei'km.h-i&.ixi.:,.m_h e R P

R . T j
PSRN B YOS




W - LBk dtcde Co B nad gk oo v~ vv.___“r..-‘_,‘

This Report consists of the Completed Project Summary, which begins
on the following page.

Ve
i
Quatity
INSP. . 1¢p
3

e T T e N S S e e e T T e T T T T e e e e T e N L T T T e
B P S e e T T S T e e . e - el LR RS
e g e e e e e e A T T T T e T T T




COMPLETED PROJECT SUMMARY

1. TITLE: Theoretical Studies of Laser-Induced Molecular Rate
Processes: Topics in Line Broadening and Spectrosopy

2. PRINCIPAL INVESTIGATOR: Dr. Thomas F. George
Department of Chemistry
The University of Rochester
Rochester, New York 14627
3. INCLUSIVE DATES: 15 November 1981 - 30 September 1985
4, GRANT NUMBER: AFOSR-82-0046

5. COSTS AND FY SOURCE: $80,000, FY 82; $100,000, FY 83;
$107,164, FY 84; $110,000, FY 85

6. SENIOR RESEARCH PERSONNEL:

Dr. D. Agassi Dr. H. W. Lee
Dr. A. C. Beri Dr. K. T. Lee
Dr. X. Y. Huang Dr. J. T. Lin

Dr. M. Hutchinson Dr. K. C. Liu
Dr. K. S. Lam Mr. W. C. Murphy
Dr. 1. Last

7. JUNIOR RESEARCH PERSONNEL: Mr. F. Battaglia

et et mc e ey e I e TR T T AU PR TR Y
........ e Wt~

. o
MER S

-
ARLE
PR B A VRAE 35 S L 3G

LAY




fa anv aaw dab Sax Bog Sas dag B ok Soi At R halia R Al

AW
- * e a_ 4
byt ‘r‘o‘f,

N

7

‘A

-

&3‘ 8. PUBLICATIONS:

"Laser-Stimulated Molecular Dynamics and Rate Processes," T. F.
e George, J. Phys. Chem., 86, 10 (1982).
e

"On the Synergistic Effects of Laser/Phonon-Stimulated Processes: A
Master Equation Approach," Surf. Sci., 115, 569 (1982).

[N
.

.
R
PR

-
I

"Recent Theoretical Chemical Dynamics at Rochester in the Paths of
Joseph 0. Hirschfelder," T. F. George, I. H. Zimmerman, P. L. DeVries,
J. M. Yuan, K. S. Lam, D. K. Bhattacharyya and M. Hutchinson, J. Phys.
Chem., 86, 1075 (1982).

"Dissociation of Adsorbed Diatomic Molecules: Combined Effects of the
Surface Magnetic Field, a Laser and the Phonon Continuum," D. K.
?hatt3charyya, J. Lin and T. F. George, Surf. Sci., 116, 423

1982).

"Laser-Induced Resonance Formation in Molecular Collisions:

Application of Low-Intensity Lasers to Inelastic Scattering and

?prec?roscopy," M. Hutchinson and T. F. George, Mol. Phys., 46, 81
1982).

"Quantum Model of Selective Multiphoton Processes: The Role of
External (Field) and Internal (Anharmonic Coupling) Detunings," J.
Lin and T. F. George, Theor. Chim. Acta, 61, 243-250 (1982).

"Atomic Collisions in the Presence of Laser Radiation: Time
Dependence and the Asymptotic Wavefunction," P. L. DeVries and T.
F. George, Phys. Rev. A, 26, 1419-1425 (1982).

"Transition State Spectroscopy and Line Broadening," T. F. George,
K. S. Lam, D. K. Bhattacharyya and M. Hutchinson, in Photon-Assisted
Collisions and Related Topics, N. K. Rahman and C. Guidotti, Eds.,
(Harwood Academic, Chur, Switzerland, 1982), pp. 109-127.

"Laser-Stimulated Adspecies Interaction with a Semiconductor
Surface," W. C. Murphy and T. F. George, J. Phys. Chem., 86,
4481 (1982).

"Quantum Model of Laser Excitation of Isotopic Species Adsorbed on a
Solid Surgace,“ J. Lin, X. Y. Huang and T. F. George, Z. Phys. B, 48,
355 (1982).

"Neutralization of Ions at an Electronically-Excited Semiconductor
Surface," H. W. Lee, W. C. Murphy and T. F. George, Chem. Phys. Lett.,
93, 221 (1982).




o TR Y T T TE-THEIE PN VR VR TR T T TUVETANTERCIFERLTY TN WE S N . TERN4ET e

“"A Semiclassical Study of Laser-Induced Atomic Fluorescence from
Na,, K2 and NaK," J. M. Yuan, D. K. Bhattacharyya and T. F.
Gegrge,

Mol. Phys., 47, 1195 (1982).

"Laser-Generated Electron Emission from Surfaces: Effect of the Pulse
Shape on Temperature and Transient Phenomena," J. Lin and T. F,
George, J. Appl. Phys., 54, 382 (1983).

"Inclusion of Discrete-to-Continuum Coupling in Multiphoton Excitation
and Dissociation Calculations,” J. Lin and T. F. George, Theor. Chim.
Acta, 62, 257 (1983).

"Semiclassical Theory of Collisional Ionization," K. S. Lam, D. K.
Bhattacharyya and T. F. George, Phys. Rev. A, 27, 1353 (1983).

"Theory of Laser-Stimulated Surface Processes. I. General Formulation
for the Multiphonon Relaxation of a Vibrationally Excited Adatom," A.
C. Beri and T. F. George, J.Chem. Phys., 78, 4288 (1983).

"Model for the Propagation of Pulsed Surface Polaritons with
Quasi-Self-Induced Transparency," X. Y. Huang, J. Lin and T. F,
George, Z. Phys. B, 50, 181 (1983).

"Zeeman Transitions in Collisions of Na with Xe," T. F. George and
P. L. DeVries, Chem. Phys. Lett., 96, 99 (1983).

"Quantum Dynamical Model of Laser-Stimulated Isotope Separation of
Adsorbed Species: Role of Anharmonicity, Coupling Stength and
Energy Feedback from the Heated Substrate,” J. Lin and T. F.
George, J. Chem. Phys., 78, 5197 (1983).

“Quantal Study of Laser-Induced Transitions between Electronic
Potential Energy Surfaces in Reactive F + H, Collisions," I. H.
Zimmerman, M. Baer and T. F. George, J. Cheﬁ. Phys., 87, 1478 (1983).

"Analysis of Laser-Enhanced Adsorption/Desorption Processes on
Semiconductor Surfaces via Electronic Surface State Excitation," W.
C. Murphy, A. C. Beri, T. F. George and J. Lin, in Laser Diagnostics
and Photochemical Processing for Semiconductor Devices, R. M. 0sgood,
Jr., S. R. J. Brueck and H. R, Schlossberg, tds., (Elsevier, New
York), Mat. Res. Soc. Symp. Proc. 17, 273 (1983).

“Reply to Comments on 'Laser Excitation of Surface Electronic States
for a One-Dimensional Semiconductor' by G. W. Bryant," W. C. Murphy,
K. T. Lee and T. F, George, Surf. Sci., 127, L156 (1983).

A

’ o T T T e 0 ~ -\! »~ . ‘!.-'—‘l\ .\v.‘.
\ T R L e A N L DA ) S e o
‘.@ﬁ. e T T R e e N T e et St o P BN

anrx-aT

I

LSRN
o .




g Bl baa S S Raa-4 oy e Sl abe il S Sle ~Shale ~Sikie  Sin il o ki ¥ kit > B e ~thlin T b Yt Al ~ =N A 47w LA LA - e

"Multiphoton Resonances in Molecular Collisions," M. Hutchinson and T.
F. George, J. Phys. Chem., 87, 2037 (1983).

"Quantum Statistical Theory of Laser-Stimulated Surface Processes.
II. Nonequilibrium Rate of Laser Excitation and Multiphonon
Relaxation," J. Lin and T. F. George, Phys. Rev. B, 28, 78 (1983).

“Quantum Dynamical Model for Laser Excitation of a Two-Level
Adatom: Surface-Dressed Bloch Equations," J. Lin, X. Y. Huang and
T. F. George, Solid State Commun., 47, 63 (1983).

"On the Possibility of Isotope Separation by Selective Radiative
Scattering," M. Hutchinson, T. F. George and P. L. DeVries, Phys.
Rev. A, 28, 490 (1983).

"Collisional Ionization as a Nonlocalized Process and the Breakdown of
the Frank-Condon Approximation," K. S. Lam and T. F. George, J.

Phys. Chem., 87, 2799 (1983).

“Theory of Collision-Induced Ionization of Adsorbed Species on Solid
Surfaces in the Presence of Laser Radiation," K. S. Lam and T. F.
George, Z. Phys. B, 51, 333 (1983).

“Theoretical Studies of Reactions in a Laser Field: F(ZP / ’2P1/2) +
H, + fw(0.469 eV)," I. Last, M. Baer, I. H. Zimmerman ana %. F.
Géorge, Chem, Phys. Lett., 101, 163 (1983).

“Laser-Induced Gas-Phase and Surface Rate Processes: Electronic
Excitations and Bound-Continuum Interactions," T. F. George, K. S.
Lam, M. Hutchinson and W. C. Murphy, in Advances in Laser
Spectroscopy, Vol. 2, B. A. Garetz and J. R. Lombardi, Eds., (Wiley,
Chichester, England, 1983), pp. 225-242.

"Localized Magnetization Arising from Spin-Dependent Potentials in the
Wolff Model," K. C. Liu, K. S. Lam and T. F. George, Phys. Status
Solidi B, 120, 695 (1983).

"Emission of Short-Wavelength Photons from Ion-Surface Charge
Exchange," H. W. Lee and T. F. George, IEEE J. Quantum Electron.,
QE-19, 1804 (1983).

"Molecular Rate Processes and Their Interaction with Laser Radiation,"
J. M. Yuan, P. L. Devries, K. S. Lam and T. F. George, Prog. Phys.

(Nanjing), 3, 417 (1983).

"Resonance Fluorescence of a Two-Level Atom Near a Metal Surface," X.
Y. Huang, J. Lin and T. F. George, J. Chem. Phys., 80, 893 (1984).

r




T T TR TIOT R T T TR TR TR

e i madi e U Sadh il Sabiniu it Sndl Y Sl ki AL B i e L e e o '-‘dT

"Nonlocal Potentials in Penning and Associative Ionization," K. S. Lam
and T. G. George, Phys. Rev. A, 29, 492 (1984).

"Laser-Induced Surface Migration via Surface Plasmons," W. C. Murphy,
X. Y. Huang and T. F. George, Chem. Phys. Lett., 104, 303 (1984).

"Laser-Induced Bound States at Surfaces: Ion-Neutralization and
Adsorption," K. S. Lam, M. Hutchinson and T. F. George, in Collisions
and Half-Collisions with Lasers, N. K. Rahman and C. Guidotti, Eds.,
(Harwood Academic, Chur, Switzerland, 1984), pp. 411-420.

"Laser Photochemistry," T. F. George, A. C. Beri, K. S. Lam and J.
Lin, in Laser Applications, Vol. 5, J. F. Ready and R. K. Erf, Eds.,
(Academic Press, New York, 1984), pp. 69-127.

"Negative-Ion Formation from Surface Scattering and the Anderson
Correlation Energy U," K. S. Lam, K. C. Liu and T. F. George, Phys.
Lett., 101A, 356 (1984).

“"Application of the Density Matrix Multiple Expansion to Stark Quantum
Beats from Beam-Foil-Excited Hydrogen Atoms," F. Battaglia and T. F.
George, Nuovo Cimento D, 3, 653 (1984).

"Analytic Solutions to Two-State Collision Problems for the Case of
Exponential Coupling," H. W. Lee and T. F. George, Phys. Rev. A, 29,
2509 (1984).

"Laser-Induced Electron-Phonon Processes on Metal Surfaces," W. C.
Murphy and T. F. George, J. Chem. Phys., 80, 5303 (1984).

"Conductivity in Semiconductors Induced by Vibrational-to-Electronic
Energy Transfer," I. Last, T. F. George and D. S. Perry, Mater. Lett.,
2, 315 (1984).

"Laser-Induced Neutralization and Negative-Ion Formation in Surface
Scattering," K. S. Lam, K. C. Liu and T. F. George, in Laser-Assisted
Deposition, Etching and Doping, S. D. Allen, Ed., Proc. Soc.
Photo-Opt. Instrum. Eng. 459, 18 (1984).

"Resonance Fluorescence of Many Interacting Adatoms at a Metal
Surface," X. Y. Huang, T. F. George and J. Lin, in Coherence and
Quantum Optics V, L. Mandel and E. Wolf, Eds. (Plenum Press, New York,
1984), pp. 685-693.

"Production of Short Wavelength (XUV) Photons ;from
Ion-Laser-Excited-Surface Charge Exchange: Li” ', He + Si(1ll)
Systems," H. W. Lee and T. F. George, in Coherence and Quantum Optics
V, L. Mandel and E. Wolf, Eds., (Plenum Press, New York, 1984) pp.
923-926.




'; a0 s
P
.

e E RS
LAY

;.S

T e e w
P ASRERENE)
e e e e

- - S i~ i = gt et 4 el A e e Bt Aedt Ak Slals Ak ok el AN Ad SR A AN A N A A

"Theory of Laser-Induced Surface Chemistry and Applications to
Microelectronics and Heterogeneous Catalysis," J. Lin, W. C. Murphy
and T. F. George, Ind. Eng. Chem. Prod. Res. Dev., 23, 334 (1984).

"Resonance Fluorescenc2 of a Two-Level Atom Near a Metal Surface. 2.
Case of a Strong Driving Field," X. Y. Huang and T. F. George, J.

Phys. Chem., 88, 4801 (1984).

"Resonance Fluorescence and Photon Trapping of Two Atoms on a Metallic
Surface,”" X. Y. Huang, K. C. Liu and T. F. George, in Laser-Controlled
Chemical Processing of Surfaces, A. W. Johnson, D. J. Ehrlich and H.
R. Schlossberg, Eds., (ETlsevier, New York), Mat. Res. Soc. Symp.
Proc., 29, 381 (1984).

"Theoretical Aspects of Laser-Induced Periodic Surface Structure
Formation," M. Hutchinson, K. T. Lee, W. C. Murphy, A. C. Beri and T.
F. George, Laser-Controlled Chemical Processing of Surfaces, A. W.
Johnson, D. J. Ehrlich and H. R. Schlossberg, Eds., (Elsevier, New
York), Mat. Res. Soc. Symp. Proc., 29, 389 (1984).

"How Lasers May Open the 'Last Frontier of Reaction Dynamics'," T. F.
George, Ind. Chem. News, 5, 23 (1984).

"Phase-Dissipative Mechanisms for Laser-Induced Surface
Desorption/Dissociation Processes," X. Y. Huang, T. F. George, J. M
Yuan and L. M. Narducci, J. Phys. Chem., 88, 5772 (1984).

"A Rule for the Number of Topoligically Distinct Feynman Diagrams,"
F. Battaglia and T. F. George, J. Math. Phys., 25, 3489 (1984); 26,
882 (1985).

"Theory of Laser-Stimulated Surface Processes," T. F. George, J. Lin,
A. C. Beri and W. C. Murphy, Prog. Surf. Sci., 16, 139 (1984).

"Laser-Induced Molecular Dynamics: Rate Processes in the Gas Phase and
at Solid Surfaces," J. Lin, M. Hutchinson and T. F. George, in
Advances in Multi-Photon Processes and Spectroscopy, S. H. Lin, Ed.,
(World Scientific, Singapore, 1984), pp. 105-237.

"The Role of Phonons in the Excitation and Relaxation of Adspecies,"
A. C. Beri, K. T. Lee and T. F. George, in Proceedings of the
International Conference on Lasers '83, R. C. Powell, Ed. (STS Press,
McLean, Virginia, 1985), pp. 362-9.

"Negative-Ion Formation from Surface Scattering at Finite
Temperatures," K. C. Liu, T. F. George and K. S. Lam, Solid State
Commun., 53, 67 (1985).




e e e s s A A B o A mTEe m R BAGME AN am A e NS A avm el et | S et * gadend sl o et whe st v o dhiinit Sadhfe. Mg Ji SO0 i
A e i v s s e e e e s e Seaac s e b A2 b AR rd) g et agtec e "= e I Ui Sant AR Sl v e & AT HE M B S I S A A R A o W T T TR T gy

"Theoretical Studies of Chemical Reactions in a Laser Field," Sr. K.
Duffy, M. Hutchinson, J. M. Yuan and T. F, George, J. Phys. (Paris),

Collog. C1, 46, (1985).

“"Formation of Electron-Hole Pairs in a Semiconductor by
Vibrat}ona]%y-Excited Molecules,”" I. Last and T. F. George, Langmuir,
1, 33 (1985).

"Theoretical Study of Laser-Induced Surface Excitations on a Grating,"
K. T. Lee and T. F. George, Phys. Rev. B, 31, 5106 (1985).

"A Diagrammatic Approach to Ion Neutralization at Surfaces: On the
Validity of First-Order Perturbation Calculations," F. Battaglia and
T. F. George, J. Chem. Phys., 82, 3847 (1985).

"Recent Advances in the Theory of Chemi-Ionization," H. P. Saha, K. S.
Lam and T. F. George, in Gas-Phase Chemiluminescence and
Chemi-Ionization, A. Fontijn, Ed., (North Holland, Amsterdam, 1985),
pp. 87-104,

"Theory of Excitation Transfer Between Rydberg Atoms," H. P. Saha and
T. F. George, Mol. Phys., 55 173 (1985).

"Quantum Statistical Theory of Vibrational Dynamics in a Laser-Driven
Admolecule-Surface System," X. Y. Huang, T. F. George and J. M. Yuan,
J. Opt. Soc. Am. B, 2, 985 (1985).

"Static Electric Field Effects at the Surface of a Metallic Cluster,"
M. Hutchinson and T. F. George, Chem. Phys. Lett., 117, 468 (1985).

"Neutralization and Excitation in Low-Energy Ion-Surface Collisions, "
H. W. Lee and T. F. George, Surf. Sci., 159, 214 (1985).

"Multiple Resonances in Non-Franck-Condon Transitions due to Nonlocal
Effects in Associative Ionization," K. S. Lam and T. F. George, Phys.
Rev. A, 32, 1650 (1985).

"Theory of Laser-Stimulated Surface Processes. II. A
Generalized-Master Equation Approach to Energy Transfer between an IR
Laser, an Adspecies and Phonons," A. C. Beri and T. F. George, J.

Chem. Phys., 83, 2482 (1985).

"Spontaneous Emission by Two Atoms with Two Different Resonance
Frequencies Near a Metal Surface," K. C. Liu and T. F. George, Phys.
Rev. B, 32, 3622 (1985).

"Laser-Induced Collision Processes: Polarization Effects and
Ionization," K. S. Lam, P. L. DeVries and T. F. George, in Spectral
Line Shapes, Vol 3, F. Rostas, Ed., (Walter de Gruyter, Berlin), in
press.

3l P P S g R e e e ey e e T T S
‘I” "'--. ...(‘h- e Serateutel ‘.,‘. " '(_--'. 4'.- ".. " "‘- -.‘.'A. R o -‘.‘*. ._‘-,.-“_;—-'*‘. “.'-' - —_‘.‘ RN

e
e VA RO IPAILR
I AT N A AP OGO R R T



g —— - T T - LT R e T M YW - w - W T w v w - LT Ry
PR e A Aven Aram iags Jhoih st el tew el ot e g San e T < TET T YL e v T T T T RN T Rl b Sl et NP JAS e 3 1

"Theory of Reactions at a Solid Surface," T. F. George, K. T. Lee, W.
C. Murphy, M. Hutchinson and H. W. Lee, in Theory of Chemical Reaction
Dynamics, M. Baer, Ed., (CRC Press, Boca Raton, Florida), in press.

"Laser-Stimulated Vibrational Excitation of an Adspecies Studied by a

Generalized Master Equation: Neutral Atomic Hydrogen on Hydrated !
KC1(001)," A. C. Beri and T. F. George, J. Vac. Sci. Technol. B, in

press. |

L "Quantum Model of Dephasing-Enhanced Laser Desorption: Master
= Equation Approach," J. Lin, X. Y. Huang and T. F. George, J. Vac. Sci.
Technol. B, in press.

o "Memory Effects in Dynamical Many-Body Systems: The Isomnesic
(Constant-Memory) Approximation," A. C. Beri and T. F. George, Z. l

Phys. B, in press.

“Perturbative Treatment of Quasi-Resonant Proton Neutralization at
Alkali-Halide Surfaces," F. Battaglia, T. F. George and A. Lanaro,
Surf, Sci., in press.

"Overlap Integrals for Atom-Metal Surface Interactions," W. C. Murphy
and T. F. George, Int. J. Quantum Chem., in press.

"Cooperative Emission by Two Different Atoms into Surface Plasmons,"
K. C. Liu and T. F, George, Surf. Sci., in press.

..............................................................

...........




9. ABSTRACT OF OBJECTIVES AND ACCOMPLISHMENTS:
The objectives were to help establish a theoretical foundation |
for the description of laser-induced molecular rate processes,
including spectroscopy as well as dynamics. Two general types of
processes were considered -- I. Gas-Phase Processes and II. Surface
Processes -- and selected accomplishments with respect to these two
general types are summarized below.

A. Gas-Phase Processes: Molecular Collisions in a Laser Field

Chemical Reactions. Quantum mechanical and semiclassical

calculations were carried out for the collinear reaction
F'(%Py /) + Hp(v=0) = hv = HF(v') + H, where hv = 0.469 eV

is the field quantum of the HF laser. It is resonant with the v' =1
to v' = 2 vibrational transition of HF, but this resonance is not a
factor in the collision and was thus ignored. Within the collision
region the photon comes into resonance with two potential energy
surfaces, one correlating to F(2P3/2) + H2 and the other to

F*(2P1/2) + H2(v). Transmission to HF(v') + H or inelastic

reflection to F(2P3/2) + H2(v) takes place by stimulated emission

of a photon (corresponding to the minus sign in front of hv in the
above reaction). The nominal threshold for the reactive transition to
v' = 2 occurs at an initial translational energy of 0.004 eV. This
long delay is due to the introduction of a potential barrier which is

absent in the field-free case.

Curve Switching and Transition-State Spectroscopy. Laser-induced
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curve switching has been studied for the process F(2P3/2) + Xe »
F*(zPl/z) + Xe in the presence of two lasers, L1 (XeCl laser)

- and L2 (CO2 laser). While there is no net photon absorption from

L1, the final collision energy of the Xe + F system is increased

}: (relative to the initial energy) by the energy of the photon(s)
absorbed from L2. A single L2 photon is near resonant with the v = 12
and v = 16 levels of XeF, and due to the Av = 4 transition the
intensity of L2 is on the order of a MW/cmz, whereas L1 is only on

the order of a kw/cm2. The initial kinetic energy was chosen Tow
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enough such that transition between the spin-orbit states of fluorine
could not occur due to the collision or the "collision + L1" alone;
the energy required for the spin-orbit transition was supplied by L2.
An exact dynamical theory, based on a Feshbach projection operator

ﬁif formalism, has been derived for this process. The theory is capable

A of describing transition-state spectroscopy, where either L1 or L2 can
) be viewed as a spectroscopic probe depending on the laser frequencies
and powers. Introducing suitable approximations, such as replacing
certain angular momentum coupling coefficients by average values, we
have carried out calculations for the kinetic-energy-averaged
scattering cross section of the spin-orbit transition as a function of
the frequency of L2, tuned over a range of 0.1 cm'1 (centered at

R 1076.35 cm'l). For a specific rotational transition Aj = 1 of the

' XeF complex, the cross section forms a symmetric peak with values as

high as 65 32. We have also considered the situation with L2 turned

o -
- A

off, where now the initial kinetic energy is greater than the fluorine
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spin-orbit splitting. Plotting the cross section as a function of the

frequency of L1 over a range of 0.1 cm'l, we observe an asymmetric
peak, where the asymmetry is due to the interference between the
laser-induced resonance séattering and nonradiative potential
scattering.

Isotype Separation. Related to the above work, an experimental

procedure for isotope separation by selective radiative scattering has
been suggested. Two colliding partners are prepared in a single beam
which is formed by supersonic expansion. At some point downstream of
the source, the kinetic energy of relative motion reaches a certain
low value. Here two plane-polarized lasers intersect the molecular
beam at right angles. Certain molecular pairs, which have the correct
vibrational-rotational spacing to undergo a bound-to-bound transition
(vy2 » v',2), can pick up extra translational energy equal to the
photon energy hv2 of the second laser. While there is photon
absorption from this laser, there is no net absorption from the first
laser:

+h\)1 +h\’2 'h\)
A+ B(E ) —= AB(v,2) — AB(v',2') —L oA+ B(Ef)

The minus sign in front of hv1 indicates stimulated emission. Since
the extra translational energy of hv2 is much greater than the

initial kinetic energy, and comparable with the forward translational
energy of the beam, such molecular pairs will tend to be scattered out
of the beam and can then be skimmed off. The dynamics of this process

is the same as for the work described in the previous paragraph. We

.
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have tested this hypothesis for isotope separation by using the
distorted-wave Born approximation to calculate cross sections for Xe +
F collisions in the presence of a UV laser (hvl) and IR laser

(hv2). Let us define a separation efficiency p by p = 9130 /

(0129 + 0130), where 9129 and 0q30 are kinetic-averaged cross

129xe and 130

sections for Xe collisions, respectively. For laser

intensities on the order of a kW/cm2

» p is seen to be as high as
0.996. While certain aspects not taken into account in our
calculations might reduce the efficiency, such as finite laser
bandwidths and possible elastic collisions experienced by the
deflected molecules before leaving the beam, it is clear that these
velocity-changing radiative collisions should provide an efficient

means of isotape separation.

B. Surface Processes

Electron Transfer in Ion-Surface Collisions. Based on the

time-dependent Fano-Anderson potential, a diagrammatic expansion has
been made for the reduced density matrix elements of the neutralized
atom formed by one-electron transfer to an impinging positive ion.
Neutralization probabilities have been computed for protons colliding
with various alkali-halide surfaces, and the results are seen to be
interpreted simply in terms of the collision energy and the properties
of the systems, namely, the valence bandwidth of the solid and its
position relative to the discrete atomic level. The theory of

negative-ion formation has also been considered, where the treatment
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of this two-electron transfer process now includes the effects of the
Anderson correlation energy arising from the Coulombic repulsion
- between the two electrons of opposite spin in the same valence level
of the ion. For the case of zero surface temperature, T = 0 K, the
G;n theory is in good agreement with molecular beam experiments on the
>:ﬁ: conversion of H+(D+) to H (D) by scattering from a cesiated
W(110) surface. At finite temperatures, the electrons in the solid
S lying within the range of kBT below the Fermi level can be
%j: activated, where kB is Boltzmann's constant. Calculational results
é‘; show that the thermal energy may then be used to overcome the extra
> energy barrier U for the second electron, provided kBT 2 U, and thus
enhance negative-ion formation.

Surface-State Excitation. Quantum mechanical calculations have

been carried out for laser-induced excitation of electrons from the

valence band to surface electronic states in a one-dimensional
.i semiconductor (silicon). These states are localized near the surface,
- and excitation cross sections as high as 20 32 are obtained for low
u'ﬁﬁ‘ laser intensities (less than 10 W/cmz). The calculations have been
extended to include a charged adspecies. The adspecies-surface
potential has been determined as a function of both the adspecies-
surface separation and the laser frequency, and the surface-state
excitation is seen to enhance the repulsive (attractive) part of the

potential for a negative (positive) adspecies, especially as the
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photon energy approaches half the band-gap energy.
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This idea of using a laser to "charge" the surface region has
formed the basis of a semiclassical theory of charge transfer, where a
positively-charged particle picks up an electron from a semiconductor
surface. The charge-transfer rate is larger by a factor of 2«L for a
surface electron than for a bulk electron, where « is the imaginary
portion of the crystal momentum for the surface state and L is the
length of the solid. The theory has been used to determine the

3+ 2+

probabilities of electron transfer to Li~ , He~ and Het

undergoing thermal collisions with a Si{111) surface. The results

show an enhancement of the production of excited states of L12+,

He' and He, respectively, receding from the surfacc, as compared to
charge transfer in the absence of surface-state excitation. For

2+

example, for the process He® + Si(lll) + hv » He+(n=3) + sit

under thermal conditions, we obtain a cross section as high as 4.19
32, where the power density of the laser pumping the surface states
is only 1 W/cm2 (the laser photon energy hv is chosen to be 2/5 of
the band-gap energy).

Formation of Electron-Hole Pairs in a Semiconductor by

Vibrationally-Excited Molecules. A three-dimensional model of a

vibrationally-excited molecule with a semiconductor has been
developed, where the transfer of vibrational energy leads to the

29,30 Results for the HC1 + InSb

formation of electron-hole pairs.
and HC1 + PbSe systems under thermal conditions indicate transition
probabilities in the range 0.1 to 10%, which can be readily observed
by experimental measurements of the semiconductor electrical

conductivity. The semiconductors considered here have similar lattice

----
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parameters. However, the transition probabilities are higher for

HC1 + InSb, than for HC1 + InSb, which is attributable to differences
in the dielectric constant (18 for InSb and 280 for PbSe) and the
energy gap (0.165 eV for InSb and 0.26 eV for PbSe -- the latter is
closer to the vibrational energy level spacing of 0.358 eV in HC1).

Vibrational Energy Relaxation of a Laser-Excited Adspecies.

Vibrational energy transfer between an infrared laser, a solid surface
and an adatom has been studied by a generalized master equation which
includes memory effects. Numerical results using the jsomnesic
(constant-memory) approximation for time scales ranging frem 2
picoseconds to 2 microseconds for H(HZO)/KCI(OOI) show that
bond-selective excitation is possible with a low-power laser in spite
of fast phonon relaxation, and that the time evolution of the system
is highly non-Markovian even for fairly long times. An overall
residence time of the adspecies, up to the point of desorption, has
been defined. This time is on the order of 10 nanoseconds for a laser
whose power is 10 W/cm2 and whose frequency is resonant with v = 3

and v = 6 of the adbond, where v = 6 is the highest vibrational level
and the Debye frequency of the substrate is resonant with v = 0 and

v =3,

Laser-induced Migration. When a laser excites a plasmon on a

metal surface, a wave of alternating charge is propagated along the
surface. This charge has a varying electric field associated with it,
and we have shown that this field can be coupled to a charged

adspecies. In particular, it has been shown that if aluminum is

- exposed to CO, laser radiation of Tow intensity (1 W/cmz), such a

9
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I. plasmon will be excited. If an atomic oxygen ion of charge -1 were

:_ adsorbed on the surface, it would be coupled to the electric field and
thus carried along with the plasmon. The velocity associated with
this stimulated migration is 61.3 microns/s, which is five orders of
magnitude greater than the usual thermal velocities observed at room
temperature. Furthermore, the negatively-charged adspecies will only
move in the direction of the plasmon; this, in turn, can be controlled
by the exciting radiation. Thus a laser not only increases the speed

of migration but can also select the direction.

Resonance Fluorescence at a Metal Surface. Surface-dressed

optical Bloch equations, involving a treatment of surface-reflected
photons and a surface plasmon, have been derived for a collision-
damped two-level atom near or adsorbed on a metal surface. Effects of
the laser bandwidth are included by means of a phase diffusion model
for the driving field. In the weak-field or large-detuning limit, the
power spectrum of scattered light has two peaks: one corresponding to
Rayleigh scattering at the laser frequency P For a sufficiently
strong driving laser field, the spectrum exhibits three peaks: a
central one at vo = VL (Rayleigh component), a left one at v_ =

2vL - vy -8 (three-photon component) and a right one at v, =

Vo t 8 (fluorescence component), where 6 is the ac Stark shift.

The key feature of numerical results, which is a unique behavior due
to the surface, is that for certain atom-surface distances the height
H_ of the left peak is larger than H_ of the right peak, whereas

in the pure gas-phase resonance fluorescence spectrum H_ is always

......................................................
-----------------------------
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less than H_ (due to molecular collisions for the case of positive
detuning).
Static Electric Field Effects at the Surface of a Metallic

Cluster. A je]lium/free-eleétron model has been used to estimate the

static electric field at the surface of a spherical metallic cluster.
By means of a WKB formula derived from the model, an accurate
prediction can be made of the "magic numbers" (2, 10, 18, 20, 34, 40,
58, 90, 92, etc.) which refer to the enhanced abundances of certain
clusters observed experimentally. Therefore, these numbers are likely
to be determined by the symmetry of the problem and not by the
detailed nature of the one-electron potential. The electric field
near a cluster with a radius of 10-20 KZ is found to deviate from

the field at the same distance from an infinite metallic plane. Such

a deviation might manifest itself by influencing physisorption.
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